ABSTRACT Using a mode-locked laser (X, 632.8 nm), fluorescence decay of chlorophyll (Chl) a in the green alga Chlorella pyrenoidosa, the red alga Porphyridium cruentum, and the blue-green alga Anacystis nidulans was measured by the phaseshift method under conditions when photosynthesis was not operative (3-(3,4-dichlorophenyl)-l, 1-dimethylurea [DCMU] poisoning, or cooling to 770K). In the presence of 10-' M DCMU, the lifetime of Chl a fluorescence (r) at room temperature is about 1.7 nsec in Chlorella, 1.0 nsec in Porphyridiwn, and 0.7 nsec in Anacystis. At 770K, r is 1.4 nsec (for fluorescence at about 685 nm, F-685) and 2.3 nsec (for F-730) in Chlorella, 0.9 nsec (F-685) and 1.2 nsec (F-730) in Porphyridium, and 0.8 nsec (F-685 and F-730) in Anacystis. From the above measurement, and the assumption that ro (the intrinsic fluorescence lifetime) for Chl a in all three algae is 15.2 nsec, we have calculated the rate constants of radiationless transition (that includes energy transfer to weakly fluorescent system I) processes competing with fluorescence at room temperature to be about 5 X 108 sec-l in Chlorella, 9 X 108 secin Porphyridiwn, and 13 X 108 sec-' in Anacystis. At 770K, this rate constant for Chl a that fluoresces at 685 rn remains, in the first approximation, the same as at room temperature. From the T data, the rate constant for the trapping of excitation energy is calculated to be about 1.2 x 109 sec,' for Chlorella, 2 x 109 sec-' for Porphyridiwn, and 2 X 10' sec-for Anacystis. The efficiency of trapping is calculated to be about 66% (Chlorella), 68% (Porphyridiwn), and 60% (Anacystis). (It is recognized that variations in the above values are to be expected if algae grown under different conditions are used for experimentation.) The maximum quantum yield of Chl a fluorescence for system II (X, 632.8 nm), calculated from r measurements, is about 10% in Chlorella, 6-7% in Porhyridiwn, and 5% in Anacystis under conditions when photosynthesis is not operative; the values at 770K appear to be very close to those with DCMU added at room temperature. 45 for F-730 at 770K, however, is somewhat higher than for F-685. The predicted quantum yields of fluorescence for Chl a in intact cells (both systems I and II) at low intensities of 632.8 nm light are about 2-3, 1-2, and 1% for Chlorella, Porphyridium, and Anacystis, respectively.
INTRODUCTION'
Brody and Rabinowitch (1) and Dmitrievsky et al. (2) independently measured the lifetime (T) of the excited state of Chl a in vivo by the direct flash and the phase shift methods, respectively. Brody and Rabinowitch (1) reported a value of 1.6 ±0.5 nsec for Chl a in the green alga Chlorella, 1.5 ±0.4 nsec in the red alga Porphyridium, and 1.2 ±0.4 nsec in the blue-green alga Anacystis. Dmitrievsky et al. (2) reported a r of 0.6 nsec for Chl a in Elodea, 1.0 nsec in a leaf of Cyperus, and 1.6 nsec in chloroplasts from the leaves of Aspidistra elatior; these values were for low illumination and were found to increase (e.g., to 1.5 nsec in Elodea) when the light intensity was increased severalfold. Rabinowitch and coworkers (Tomita and Rabinowitch [3] , Murty and Rabinowitch [4] , Singhal and Rabinowitch [5] ) have improved the techniques for r measurements and extended the earlier r measurements of Brody and Rabinowitch (1) , including those of the times required for the energy transfer from accessory pigments to Chl a in various algae. Using phase shift techniques, Muller et al. (6, 7) provided new data on T of Chlorella at different intensities and in the presence of DCMU. Butler and Norris (8) found r to equal 3.1 nsec for the long wavelength Chl fluorescence (F-730) at 77°K in bean leaves. Using improved techniques, Nicholson and Fortoul (9) found r of Chl a in Porphyridium and Chlorella, in weak light, to be 0.6 =4:0.2 nsec. Using a mode-locked He-Ne laser as a light source, Merkelo et al. (10) obtained a value of 1.40 ±0.05 nsec by the phase method and of 1.6 ±0.2 nsec by the direct fluorescence decay method for Chlorella excited with bright light. In the present investigation, using again the mode-locked He-Ne laser, we obtained new data on r of Chl a in DCMU-poisoned Chlorella, Anacystis, and Porphyridium at room temperature, and on r of Chl a in the same algae at 77°K. From these measurements, we calculated the rate constant of radiationless dissipation (that includes energy transfer to weakly fluorescent system I) and of energy-trapping processes and the absolute quantum yield of Chl a fluorescence in system II at 300 and 77°K.
MATERIALS AND METHODS
Fluorescence lifetime of Chl a in vivo was measured by the phase shift method using a He-Ne mode-locked laser as the source of illumination (Merkelo et al. [10] (11) .
The green alga C. pyrenoidosa, the blue-green alga A. nidulans, and the red alga P. cruentum were grown as previously described (Govindjee and Rabinowitch [12] ). 3-5-day-old Chlorella and Anacystis and 7-10-day-old Porphyridium cultures were used. Chlorella and Anacystis were suspended in a carbonate-bicarbonate buffer (an 85:15 mixture of 0.1 M NaHCO, and 0.1 M K2CO., pH 9.2). For Porphyridium, the buffer consisted of 16 g NaHCO3, 1 .0 g Na2CO3, and 15.2 g NaCl/liter of water (pH 8.5).
RESULTS AND DISCUSSION
After a photon is absorbed by a Chl a molecule in the "bulk" of a photosynthetic unit in green plants, the excited state is deactivated either by energy transfer to a "trap" at a reaction center, or by fluorescence, or by "radiationless dissipation," meaning internal conversion or energy transfer to quencher molecules not associated with reaction center II, or energy transfer to weakly fluorescent system 1.2 Since the three processes are competitive, the rates of fluorescence and of radiationless dissipation must affect the rate of trapping of energy in the reaction center. We will calculate the rate constants of radiationless dissipation in three algae, from new measurements of lifetime (r) of Chl fluorescence in the presence of DCMU (section A), and at 77°K (section C); under both conditions, system II traps quickly close upon illumination. Calculations are also presented for the rates of trapping of excitation energy (section B) and the quantum yield of Chl fluorescence in vivo (section D).
A. Rate Constant of Radiationless Dissipation at Room Temperature Fluorescence lifetimer was calculated from the measured phase shift by the equation (Bailey and Rollefson [13] ):
where r is the angle of phase shift andf is the modulating frequency. This equation is based on the assumption that fluorescence has only one exponential decay time.
2For readers not familiar with the terminology used in this paper, we give the following scheme: Tumerman and Sorokin (14) and Briantais et al. (15) have shown that fluorescence of Chl a in vivo in fact decays with one predominant lifetime;3 the fluorescence yield c of Chl a in vivo is linearly proportional to r. Calculations (3, 14) indicated that the assumption of one predominant lifetime could best explain their data. Although there is no direct experimental proof that Chl a fluorescence decay is exponential, the assumption that it is exponential leads to curves which fit the experimental data obtained by flash excitation (16) . Table I shows the measured phase angles and the calculated lifetimes in several samples of three different algae with I0O-M DCMU added. Differences in lifetime observed with cells of the same species are due not to instrumental variations, but to differences in the growth conditions of the algae. Taking an average of all experiments, we found that Chl a in Chlorella has aT value of about 1.7 nsec, in Anacystis, 0.7 nsec, and in Porphyridiwn, 1.0 nsec. Our result with Chlorella (in the presence of DCMU) agrees well with that of Muller et al. (7), who found 'r to equal 1.9 nsec. No other lifetime values exist for Chl a in Anacystis and in Porphyridium in the presence of DCMU.
From the fluorescence lifetime (r) measured when the reaction center is made
The conclusion of Murty and Rabinowitch (4) that Chl a fluorescence in vivo decays with two periods, both in the nanosecond range, was found by Singhal and Rabinowitch (5) to be due to an artifact; however, the existence of two comparable lifetimes cannot be ruled out. 6 .57 X 10' sec7l for all three algae (reference 1).
inoperative by DCMU, the rate constant of radiationless dissipation (ah) can be calculated from the formula (16, 17) :
We have assumed that ro for Chl a in vivo in all three algae is 15.2 nsec, the value obtained by Brody and Rabinowitch (1) for Chl a in vitro. This is a valid approximation, since the absorption and fluorescence spectra of Chl a in vitro and in vivo are quite similar. Introducing the measured r values into equation 2, we find that the rate constant of radiationless dissipation is about 5 X 108 sec-1, for Chl a in Chlorella; in Porphyridium, it is 9 X 108 sec-1, and in Anacystis, 13 X 108 sec-1 (Table II) . Since fluorescence comes predominantly from photosystem II, the values calculated apply to the bulk Chl a of this photosystem.
B. Rate of Energy Trapping at Room Temperature
The rate constant of energy trapping (at) can be calculated from (reference 17):
where r' is the fluorescence lifetime when all reaction centers are "open." This must be the case at the 0 level in the fluorescence induction curve, or at low intensity of excitation. (For the description of fluorescence induction, see references 18 and 19.) Substituting the measured value, 0.6 nsec (15), for ' into equation 3, we find that the rate constant of trapping in Chlorella is about 1.2 X 109 sec-1, and the efficiency of trapping, 66 % (Tables II and III) . For Porphyridium, the fluorescence intensity in point 0 is about a third of that when DCMU is added (16 [20] , Weber [17] , and Muller et al. [7] ). The differences in trapping efficiency are, in all likelihood, caused by different physiological conditions of the cells used. We recall, for example, that the quantum yield of oxygen evolution (at 680 nm) is as high as 0.12 in young, but as low as 0.07 in "mature" Chlorella cells (21) .
A comparison of the three algae shows that the efficiency of energy trapping in system II of Anacystis is significantly lower than in that of Chlorella and Porphyridiwn. In Anacystis, the efficiency of radiationless dissipation (that includes energy transfer to weakly fluorescent system I) is as high as 38 %; this high value explains why the lifetime of Chl a fluorescence of normal Anacystis cells is almost the same as that of poisoned cells, an observation confirmed by the fact that the quantum yield of Chl a fluorescence under steady-state conditions is the same in normal and in DCMU-poisoned cells.4 The reason for rapid, radiationless dissipation may be either efficient energy transfer to only weakly fluorescent photosystem I or to rapid loss by "internal conversion," or to both causes.
The rate of radiationless dissipation is higher in Porphyridium than in Chlorella. As the trapping rate constant in the former also is larger than in the latter, the trapping efficiency is about the same in both of them.
C. Rate Constant of Radiationless Dissipation at 77°K Table IV shows the phase shifts 0 obtained at 77°K with the three algae, using Corning CS 2-64 filter or 7-59 sharp cutoff filter (in front of the photomultiplier) (Corning Glass Works, Corning, N. Y.). The former has zero transmittance up to they were unable to demonstrate consistently the needed corrections. The corrections used here are only valid if methylene blue fluoresces with constant T vs. X. We assume that it does; however, we cannot rule out the possibility that the 2.10 difference for methylene blue may, instead of an error, be also a real property of fluorescence emission of methylene blue.
640 nm, 50 % at 670 nm, and 85 % at 720 nm and longer wavelengths; the latter, zero transmittance up to 685 nm, 50 % at 710 nm, and 85 % at 750 nm and longer wavelengths. The results obtained with all three algae show that the phase shift, and thus r, is higher when the CS 7-59 filter is used. This filter cuts off most of the fluorescence band at 685 nm (F-685), and allows mainly the F-730 band to go through. Part of the increase in phase shift may be due to differences in transit times of lights of different wavelengths in the photomultiplier (6) (see footnote t in Table IV ).
The phase shift may be corrected for this error by assuming that the difference in phase shift, measured with methylene blue with the same two cutoff filters, is entirely an artifact. (This assumption is correct if methylene blue has a single 'r.) The corrected phase shift still shows a higher 0 (and thus r) value with the CS 7-59 than with the CS 2-64 filter. The fluorescence lifetimes of the F-685 and the F-730 bands can only be approximately estimated from these data. First, a rough estimate of the percentage of total fluorescence contributed by each band was made from fluorescence emission spectra of the algae at 77°K (11, 22, 23) . These estimates are shown in Table V . F-695 is assumed to have the same fluorescence lifetime as F-685. In Chlorella, the lifetimes In all three algae, the fluorescence lifetime of F-685 at 77°K is similar to that at room temperature with DCMU added. If one assumes that the rate constant of fluorescence (af) does not significantly change from room temperature to 77°K, then a°h must be temperature independent. This result agrees with the fact that axh for Chl a in vitro also is temperature independent. Butler and Norris (8) found that 10-6 M Chl a dissolved in ethanol has the same lifetime at room temperature and at liquid nitrogen temperature. Since the mechanism of radiationless dissipation (that may include intersystem crossing from singlet to triplet) is not known, we will not speculate on the significance of this result.
The experimental results obtained at 77°K point to three facts. First, the fluorescence at F-730 does not have the same lifetime in all species, but varies from 0.79 to 2.3 nsec. Second, the lifetime of F-685 at 77°K (0.77-1.40 nsec) is similar to that PRIMARY EVENTS, ENERGY TRANSFER, AND REACnONS IN PHOTOSYNTHETIC UNITS at room temperature with DCMU added (0.74-1.74 nsec). Third, one of the characteristics of radiationless energy dissipation in Chl a in vivo appears to be that its rate is independent of temperature down to 77°K.
D. Maximum Quantum Yield of Chlorophyll Fluorescence
Quantum yield of ChM fluorescence (4) can be determined directly by measuring the ratio of the number of emitted quanta to that of absorbed quanta as was first done by Latimer et al. (24) (also see Weber and Teale [26] ); however, it can also be calculated from the relationship
where ro is assumed to be 15.2 nsec (1). It was found by Brody and Rabinowitch (1) that the two methods of calculating 4 do not agree closely, because in the direct method we include absorption by weakly fluorescent (or nonfluorescent) Chl molecules, whereas calculation from r values gives q5 for the fluorescent Chl molecules only. In the present-day theory of photosynthesis (26) This assumption may be challenged because the F-730 band is broader than the F-685 band, and thus the Chl a form responsible for it may have a lower To. It has been shown, however, that the F-730 band is composed of several bands including the vibrational satellite bands of F-685 and F-695 (11, 22, 24) . Also, analyses of excitation spectra of long wave fluorescence indicate that the long wave absorption bands of Chl a, responsible for the F-730 complex band, are similar in shape to those of Chl a-670 and Chl a-680. Thus, we retain the assumption that ro for the F-730 band is the same as that for F-685. To explain why the F-730 fluorescence yield is three times that of F-685, while the calculated yield increases only by a factor of two (from 0.09 to 0.15) one has to make a further assumption that system I is larger than system II; that is, either system I absorbs more light at 632.8 nm, or more energy is transferred to system I than to system II (as suggested by Murata et al. [29] ).
(b) 27 %. If we accept this value, we have to suggest that our basic assumption that ro remains 15.2 nsec for the Chl a form that fluoresces at 77°K is wrong. The absorption spectrum at 77°K is not drastically different from that at room temperature. For this reason, and for the reasons given under a above, we favor the first explanation. We cannot make a final choice between the two possibilities; however, whichever assumption proves correct, the order of magnitude of the yield (15-27 %) remains far below the 60-80% suggested on the basis of direct measurements.
At room temperature, the fluorescence yield (4) of Chl a in vivo is roughly doubled when the intensity of incident light is increased from a low value (in the linear portion of the light curve of photosynthesis) to a high value (in the saturating portion of the light curve of photosynthesis [18, [30] [31] [32] ). If we assume that the quantum yield of Chl a fluorescence in saturating light has the same value as when DCMU is added, we can make some predictions for the yield under other conditions. Since 4 for system II in the presence of DCMU is 10, 7, and 5 % for Chlorella, Porphyridium, and Anacystis, respectively, the 4 for system II at low light intensities would be 5, 3.5, and 2.5 %. Assuming that light energy is almost equally distributed between pigment system I (almost nonfluorescent or very weakly fluorescent, at room temperature) and pigment system II (strongly fluorescent), at 632 nm (wavelength of excitation in our experiments), the average for both systems in weak light can be predicted to be 2.5, 1.75, and 1.25 % for Chlorella, Porphyridium, and Anacystis, respectively (see a in the last row of Table VI ). These predicted values agree well with most of the earlier measurements (24, 25, 33) .
Independent calculations of 4 from T values at low light intensity (0.6 nsec for Chlorella, 0.34 nsec for Porphyridium, and 0.3 nsec for Anacystis) lead to values of 4, 2.2, and 1.9 % for Chlorella, Porphyridium, and Anacystis, respectively. Assuming that the size of system I equals that of system II the predicted yields for intact cells (combined system I and II at room temperature) are 2, 1.1, and 0.9 % for Chlorella, Porphyridium, and Anacystis (see b in the last row of Table VI) . These values are in approximate agreement with those predicted above.
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Dr. Mar and Dr. Govindjee were supported by the National Science Foundation (GB1416 and GB9213). Clearly, from expression A 3, these are at tf = (4/w) + (nH/w) + (El/2w) where n = 0, 1, 2 * --. The first derivative of A 2 will be zero for these values of time:
A cosO1 cos (wtf -O1) + B cosO2cos (wtf -02) = Knowing the relative amplitudes of the two fluorescence components A and B, under at least two conditions, and the composite phase shift 4, the fluorescence lifetime of each component can be determined.
